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DISCLAIMER

This document is disseminated under the sponsorship of the Oregon Department of
Transportation in the interest of information exchange. The State of Oregon assumes no liability
for its contents or use thereof.

The contents of this report reflect the views of the author, who is responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official policies
of the Oregon Department of Transportation.

The State of Oregon does not endorse products or manufacturers. Trademarks or manufacturer’s
names appear herein only because they are essential to the object of this document.

This report does not constitute a standard, specification, or regulation.
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1.0 INTRODUCTION

In 1987, the Federal Highway Administration (FHWA) gave the Planning Section, now the
Transportation Development Branch (TDB), of the Oregon Department of Transportation
(ODOT), a grant to test low-cost weigh-in-motion (WIM) systems. Specifically, the
piezoelectric WIM (PWIM) cables and piezoelectric automatic vehicle classifiers (PAVC).
ODOT installed these automatic weight and classification (AWAC) systems in ten lanes at
three sites located on Interstates 5 and 205, eight lanes of PWIM and two lanes of PAVC.
This report documents the background, installation, problems and findings from this
demonstration project which started in 1988 and ending in 1993.

1.1 OBJECTIVES

The purpose of this demonstration project was to evaluate the potential of these low-cost
AWAC systems for data collection and enforcement. The accuracy and durability of this
WIM technology, including multiple sensors, was also evaluated.

1.2 BACKGROUND

The ODOT has been active in the application of WIM since 1983 (I,2). To date, most WIM
systems in Oregon have been utilized for screening heavy vehicles at ports-of-entry (POE)
and weigh stations by the weighmasters. In this capacity, the WIM systems interfaced with
the automatic vehicle identification system and the Public Utility Commission (PUC) data
base. They have effectively increased the capacity of the stations. At the same time, the
WIM systems reduce the overall idle time of trucks at the POE, with very favorable results
for both POE and vehicle operators (3,4,5).

WIM systems in Oregon are also used for data collection by the TDB at the sites. ODOT has
been using heavy duty deep pit hydraulic load WIM scales. These are very durable and
accurate, but are expensive and costly to install (2).

The Bridge WIM system was extensively tested during 1984-85 at some 25 sites in Oregon
(2). Although the bridge WIM system worked successfully at many sites, its use was marred
by being too labor intensive, data requiring detailed analysis, and the need for perfect bridge
locations.



ODOT has held some field demonstrations with the WIM capacitance mats. Successful
applications were very limited due to weather induced installation problems, studded tires,
and traffic. Acceptable weight accuracies were sparingly obtained and limited in scope. Table
1.1 shows the advantages and disadvantages of various WIM systems.

Table 1.1 Advantages and Disadvantages of Various WIM Technologies.
—_— e ————————————

Technology Advantages Disadvantages
Deep Pit, High Accuracy Higher Costs
Load Cell Based Scales High Reliability Longer Installation Time
Long Life Cycle Vault Required
Low Profile or Reasonable Accuracy Medium Price
Bending Plate Scales Reliable

No Vault Required
(Install in Existing Pavement)

Piezoelectric WIM Systems Low Cost Low Repeatability
Quickly Installed in Short Life Cycle
Existing Pavements
Capitance Pad System Portable System Repeatability is Lower Than
Similar Price to Permanent Piezo

Permanent Piezo

Bridge WIM System Portable System Labor Intensive

Install on Bridges Requires Good Bridges
Repeatability is Questionable
= = ——————————— _——_ =}

WIM technology from Europe using piezoelectric cables offered a low-cost alternative to the
present heavy-duty load cell WIM system currently in use. Oregon did test the French piezo-
electric system at the Woodburn northbound weigh station in conjunction with the
Washington State DOT in 1986.

Although the tests were inconclusive, enough positive results were obtained to justify a more
comprehensive demonstration project. In addition, data requirements for current research
projects such as the Strategic Highway Research Program (SHRP) and for traffic
information/enforcement made it attractive to study and test low-cost PWIM.

The application of PWIM offers a low-cost system for highway application, filling a much
needed role in the current highway data collection and enforcement programs. There is a
definite need for WIM data collection on the state and interstate system. PWIM systems offer
the ability to gather both classification and weight data for a cost not substantially higher than
traditional classifiers. This data is useful for a variety of capacity, safety, pavement design
studies, and enforcement programs.



2.0 DEMONSTRATION PROJECT

2.1 SITE LOCATION

Three sites were chosen for testing of the low-cost AWAC systems. Table 2.1 and Figure

2.1 shows the sites, their location, and the pavement type.

Table 2.1 Automatic Weight Classification Systems (AWAC)

Site Locations

Highway Mile Post Number of Location Pavement Type of Plezo
Lanes Type System
1205 25.5 5 NB!/SB? South of Jackson 10" CRC? PWIM?
1 NB Bridge, by Airport 6" CTB* PAVCS
Exit
15 245.4 2 SB North of Jefferson 14" AC? PWIM
Exit 16" Agg?
I-5 18.5 2 8B South of Butler 8" JRC? PWIM
Creek Road 12" Agg
e = = —————————————— 5]
"Northbound
*Southbound

3Continuously reinforced portland cement concrete
*Cement-treated base
SPiezoelectric Weigh-In-Motion

SPiezoelctric Automatic Vehicle Classifier
"Asphalt concrete

FAggregate

%Jointed reinforced portland cement concrete
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2.1.1 SITE 1: 1-205 NORTHBOUND/SOUTHBOUND, AIRPORT EXIT

This site was chosen because there are no weigh stations on I-205. Commercial
vehicles can use this route to Portland and Vancouver without getting weighed. There
is also a lack of traffic data on these commercial vehicles. The Portland airport exit
area of I-205 was chosen because sight, pavement condition, telephone and power
requirements for WIM scales were met. In addition, this site gave ODOT an
opportunity to test the PWIM systems in continuously reinforced concrete pavement,
under urban traffic conditions, and in all six lanes. The original AWAC
configurations installed at this site are shown in Figure 2.2.
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2.1.2 SITE 2: I-5 SOUTHBOUND, BY JEFFERSON RAMP

This site was chosen because an existing WIM system was located in the northbound
lanes of I-5. Power, telephone and a building existed and could be used, thus
minimizing costs. In addition, the PWIM could be evaluated in asphalt concrete
pavement in two lanes, using Woodburn southbound POE truck data. The original
AWAC configurations installed are shown in Figure 2.3.

Building

NB

Asphalt Concrete Pavement, Approximately 9" (230mm) Deep, 4" (102mm) Inlay Extended
200" (61m) Either Direction from Sensors

Figure 2.3 Layout of Jefferson Site



2.1.3 SITE 3: I-5 SOUTHBOUND, ACROSS FROM ASHLAND POE

This site was chosen because the Ashland southbound weigh station was located about
half a mile away, with available power and telephone sources. Data from the weigh
station could be used to calibrate the PWIM systems, thus reducing calibration time
and expenses. In addition, the PWIM system could be tested in reinforced portland
cement concrete pavement. The AWAC configurations installed are shown in

Figure 2.4.

[ ]

Cabinet

Portland Concrete Pavement, Approximately 10" (250mm) Deep, Angled Joints

Figure 2.4 Layout of Ashland Site



2.2 AWACS CONFIGURATIONS

Configuration A is basically a classifier and was installed in Site 1. Figure 2.5 shows the
layout.

6' @m)
6' (2m)
11'6" (4m) |
| ] 6'(2m) 18" (6m)
6' (2m) |
6’ 2m)

Figure 2.5 Configuration A: Two Inductive Loops, One Class 1 Piezo Cable
(Loop Piezo Loop)

Configuration B, Figure 2.6, was for weight and classification, and were installed in Sites 1,
2 and 3.

11'6" (4m)
[ |

12' (4m)

| |
6' (2m)

6' (2m)

Figure 2.6 Configuration B: Inductive Loop, Two Class 1 Piezo Cables
(Loop Piezo Piezo)



Configuration C, Figure 2.7 was installed at site 1 for weight and classification.

6' (Zm)
6 (2m)
11'6" (4m)
| |
I
12" (4m)
[ ]
6" (2m)
6' (2m)

Figure 2.7 Configuration C: Inductive Loop, Class 1 Piezo Cables, Inductive Loop
(Loop Piezo Piezo Loop) .

Configuration D, shown in Figure 2.8, was installed in the inside lane on I-5 southbound
Jefferson. The purpose of using multiple piezo cables was to compare the accuracy of
Configuration C to Configuration B. The question to be answered was: Does multiple sensors
increase the accuracy sufficiently to justify the addition expense?

{ 11'6" (4m)
[ |
!
12" (4m)
[ | 1
12 (4m)
| |
|
12 (4m)
| ]
6' (2m)
6' (2m)

Figure 2.8 Configuration D: Inductive Loop, Four Class 1 Piezo Cables
(Loop Piezo Piezo Piezo Piezo)
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2.3 SENSOR INSTALLATIONS

2.3.1 PWIM SENSORS

The piezoelectric sensors were 12°(4m) Vibracoax Class 1 sensors manufactured by
Thermocoax in France. These sensors were supplied pre-encased in an aluminum
channel filled with an epoxy based material. The sensors were checked for linearity at
the Thermocoax factory, and each came with a linearity certificate. The sensors were
supplied with a single coaxial lead, installation brackets, and mounting grout.

The piezoelectric cables were installed in 1 1/4" (32mm) by 1 1/4" (32mm) grooves
cut into the pavement. The mounting detail (Figure 2.9), was similar to that
documented in the FHWA report FHWA-DP-88-76-006 with a few exceptions as

follows:

The Hematite epoxy adhesive recommended in the FHWA report was replaced
by the IRD AS-475 resin grout.

The sensors were not installed flush with the road surface, but were installed
3/16" (Smm) below the surface. It is felt that this may be beneficial as it adds

protection.

Piezoelectric
Cable Pavement

Surface

Figure 2.9 Piezoelectric Sensor Installation
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The IRD grout is semi-flexible (about the same rigidity as asphalt concrete pavement)
and allows the sensor to deform with pavement rutting. The only notable concern with
the IRD grout is the intolerance of the grout to bond to damp or wet surfaces. In all
cases, successful installations were performed with clean, dry slots.

Note that it is generally unclear as to what extent any axle sensor adhesive can
tolerate wet surfaces. It may be of some use to adopt a dry installation practice where
possible.

It was necessary to install the sensors and loops during the night time hours at the I-
205 and I-5 Jefferson sites due to the heavy daytime traffic, and obvious safety
reasons.

2.3.2 AUTOMATIC VEHICLE IDENTIFICATION (AVI) ANTENNAS

As part of the Heavy Vehicle Electronic License Plate (HELP) project AVI antennas
were placed in each lane at each site. These were put in so that Mark IV Type 1I
transponders could be read to identify the vehicle. This was part of the HELP project
and not part of this project.

2.4 SYSTEM OPERATION

The equipment used for the demonstration was the IRD Model 1060P WIM system
manufactured by International Road Dynamics Inc. Figure 2.9 is a block diagram of the
system. Note that the processor (Intel 80286) is used to both process the sensor signals and
to generate on-site reports from the collected data. The vehicle records and the generated
reports are stored on a 40 MB hard drive system.

The basic system can accept inputs from up to 8 piezoelectric cables and 8 inductive loops.
This allows up to 4 lanes of sensors on one interface. The system comes complete with a

1200 baud telephone modem for remote operation. All units run off of 120 VAC line power.

A temperature sensor was installed to monitor pavement temperature at each site.

11



Sensor Inputs
8 Piezo
8 Regular

L]

SIGNAL CONDITIONING

-Filtering
-Amplification

80286 CPU
AJD CONVERSION REPORT GENERATION
RECORD PROCESSING TELEMENTARY
-Classification OPERATION
-Speed
-“Weights
DATA STORAGE TELEPHONE LINE IN
-40 Mb

Figure 2.10 Block Diagram of the System

2.5 DATA STORAGE AND ANALYSIS FEATURES

The IRD 1060P system stores all information on a 40 MB hard disk in the central unit.
Individual vehicle records can be stored in hourly files. Optionally, certain classes can be
configured to be only counted. In this manner, only hourly totals of the light vehicle classes
are stored, while individual raw vehicle records are stored for the heavy truck classes. This
allows more efficient use of the available memory. All files are stored in a compressed
binary data format to minimize the transmission time and memory requirements.

The system can be operated on site using a computer. Alternately, the system can be
operated remotely via telephone modem connection.

The system features a menu driven software interface that allows the user to fully configure
and operate the system. All setup parameters and calibration information is permanently
stored in the system (even during power outages) and can be changed by the user. The
system is protected by three levels of passwords.

The 40 MB hard disk is capable of storing more than 800,000 individual raw vehicle
records. In general, this allows a two lane system to save 40 days of data. A unique feature

12



of the IRD equipment is that the data can be processed on site. If the report parameters are
selected, via modem, the modem disconnects and the report generation proceeds. All reports
are stored on the hard disk system for future retrieval.

Appendix A presents some of the typical reports which can be generated. Note that the user
can select the start and end date for the report, as well as the reporting interval (hourly,
daily, monthly, or none).

The system classifies vehicles primarily based on the number and spacing of axles. Also,
classification can be based on axle or axle group weights. The system allows the user to

define up to 32 individual vehicle types, and place these vehicles into 24 individual vehicle
classes.

2.6 SYSTEM COSTS

The total contractor costs of $170,540 are summarized in Table 2.2.

Table 2.2 System Costs
[Sess === == === == ————~__—= |

Item Cost
Low Cost WIM Sensors $39,950
Electronics and Hardware 24,160
WIM Software 5,500
Training 2,500
Monitoring 2,590
Site Installation 92,840
Site Changes 3,000
TOTALS $170,540

Costs per site are shown in Table 2.3. These costs are subdivided into equipment, installation
and inspection. The total costs are $179,540 which include inspection charges by state forces.

13



Table 2.3 Costs per site

Site Equipment' Installation' Inspections® Total
Ashland I-5 SB $18,770 $37,600 $3,000 $58,920
Jefferson I-5 SB 27,460 24,110 3,000 54,750

Airport Way 23,200 39,670 3,000 65,870
1-205 SB/NB
TOTALS $69,610 $100,930 $9,000 $179,540

1Consultant
2State Forces

The funding sources are shown in Table 2.4. These are split between federal and state. The
FHWA gave ODOT a $162,786 grant for the project. The remainder of the federal funds
come from HPR and construction. The state funds were used for inspection, salaries and
wages. The total project costs were $278,020.

The differnce in the total system and inspection costs and total project costs were mainly due
to the pavement failures at the Jefferson Site, which is described in section 3.1.

Table 2.4 Funding sources

Funding Source I-5 I-205 Total
Federal $192,856 $60,738 $253,594

State 19,294 5,132 24,426
TOTALS $212,150 $65,870 $278,020

2.7 CONTRACTOR

Specifications were written by ODOT staff and bids were requested. Two bids were received.
The successful bidder was International Road Dynamics, Saskatoon, Saskatchewan, Canada
with Diamond Scale Construction, Oakridge, Oregon.

14



3.0 PROJECT FINDINGS

3.1 INSTALLATION PROBLEMS AT THE JEFFERSON SITE

Piezo sensors were first installed at Jefferson during the fourth quarter of 1988. In
December of the same year, the sensors started to come out of the asphalt concrete. This
included the AVI antennas, which had been installed by state forces. There were several
reasons for the failures (6).

Pavement Condition - The asphalt concrete pavement was badly rutted, with ruts of over
0.75 inches (20mm). Under rutting conditions of 0.50 inches (13mm) or less, the sensors and
their frames can be contoured to the pavement surface. This was only partially achieved due
to the depth of the ruts. About 0.25 inches (16mm) of the piezo sensor was above the
pavement surface. Vehicle tires impacted the sensors. This caused the epoxy and the sensor
frame to crack, become loose, break up into small pieces and come out of the pavement.
This occurred in both lanes and included the piezo sensors and AVI antennas.

Adhesive - The adhesive used to grout the sensor frames in the asphalt pavement was found
to be somewhat hydrophobic. The presence of water in the cut slots may have resulted in less
than desirable adhesion. The contractor did attempt to dry the slots before installing the
sensor, but the weather could have added to the problem. The AVI sensors were placed using
a different epoxy, they also failed. One can conclude that although the adhesive used may
have contributed to the failures, it was not the primary cause of failure.

Installation Techniques - It is possible that installation techniques used by the contractor may
have contributed to the failures. There was some sloppiness and a lack of coordination of
efforts observed at the site. However, the contractor used similar techniques at the Ashland
and I-205 sites where there were no failures. Slightly different installation techniques were
used by state forces in the installation of AVI antennas and these failed at Jefferson. The
conclusion is; although the installation techniques may have contributed to the failures, it
apparently was not the major cause.

In April 1989 (6), a 3-inch (76mm) deep, 500 foot (150m) long, section of the asphalt
concrete pavement was removed and replaced with an open-graded polymer asphalt concrete
mix. The result was a smooth rut free pavement.

The epoxy for the grout was changed to a hydrophilic one, RD-10. Although the epoxy costs
more, the ODOT laboratory staff felt that it would do a better job than the previous
adhesive. This epoxy worked better than the previous epoxy used even though the ambient
temperature was in the low 50°s.
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Installation techniques were modified. The various tasks were better coordinated and more
systematically done. Some technical changes were made in curing the epoxy grout by
changing the heating technique.

The end result was that no more problems occurred with the sensor installation and they
were turned off in late 1993 due to repaving.

3.2 WIM CALIBRATION

Two calibration methods were used depending upon the sites.

3.2.1 METHODOLOGY

One procedure utilized nearby static scales. Five-axle vehicles were weighed at the
static scales, identified, and then weighed at the WIM sites, at highway speeds, and
the weights were compared. This was done at the Jefferson and Ashland sites.

Since the piezo scales were located about a mile north of the Ashland weigh station, it
was relatively easy to identify and weigh the trucks. The inside lane proved more
difficult because the trucks did not use this lane often.

The Woodburn southbound POE was used to calibrate the Jefferson site. Since the
two sites were approximately thirty miles apart, some of the vehicles weighed and
identified at the Woodburn POE never reached the Jefferson site. This time delay
occasionally caused problems in identification and vehicle weight comparisons.
Eventually, enough samples were obtained to calibrate the system.

The I-205 sites were more difficult to calibrate. Originally the plan was to weigh
trucks travelling north at the Woodburn Weigh Station using their static weights for
calibration. It was found that this was not feasible because the trucks travelled either
on I-5 or via I-205 and turned off at 1-84 east.

Similarly, trucks going I-205 southbound from Washington were going to be weighed
statically at the Woodburn southbound POE. It was found that many trucks turned off
at the I-84 eastbound exit, and made it difficult to get any kind of a sample. In
addition, there was a serious difficulty in getting enough truck weights in the center
and inside lanes.

The contractor’s solution was to hire a pre-weighed truck. The vehicle made a
number of passes and the PWIM was calibrated. This was time consuming but

necessary.
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Pavement temperature effects were noticed at the Ashland site when calibration was
attempted. The weights changed with pavement temperature. Apparently these
temperature changes affected the system.

3.2.2 AUTO-CALIBRATION FOR PAVEMENT TEMPERATURE

Thermocouples were installed in the pavement to monitor the temperature. Software
was developed for an auto-calibration system. This system acts as an expert system,
continuously monitoring the weights of vehicles with changes in pavement
temperature.

The weight monitoring routine automatically looks at the front axle weight of a
particular vehicle class. At a user input interval (either daily, weekly, or monthly),
the system breaks the collected data into bins based on pavement temperature. The
system then compares the average of the front axle weights for each temperature bin.
The user enters the front axle control weight. Then the program prepares a table of
temperature compensation values. The data in the bin is then adjusted for
temperature. This enables the system to self calibrate after a few days of unattended
operation, and maintain the calibration over daily and seasonal temperature variations.

This system proved to be successful for most of the lanes. One problem is that a large

sample of vehicles is needed to maintain the auto-calibration. This was difficult to
obtain for the central and passing lanes where few trucks travelled.

3.2.3 TESTS

WIM System - The main tests used to evaluate system performance was the mean
error and standard deviation of error. The WIM error (E) is:

E = WIM Weight - Static Weight x 100%
Static Weight

These errors were calculated for each vehicle that was weighed, and for each of the
axles or axle groups.

The mean of the error for a particular sample represents how close the system is to
being ideally calibrated. A system that is perfectly calibrated has a mean error of 0%.
If the mean error is negative, it means that the system is reading low on average, and
a positive mean error indicates the system is reading high on average. The auto-
calibration system should keep the mean error within an acceptable range, typically
+/-3%.
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The standard deviation of error provides an indication of variability, or scatter, of the
data. This standard deviation is a measure of the random influence of weighing in
motion. The closer this value is to 0%, the more consistent the system is.

Speed - The speed error was calculated based on radar readings. The formula used
was:

Speed Error = Radar-WIM
The results were used to calibrate the WIM speed.

Axle Spacings - The spacing between the axles was measured using a tape measure.
The axle spacing formula was:

Axle Spacing Error = Tape-WIM

The WIM system was calibrated as closely as possible to the tape measurements to
minimize the axle spacing error.

3.2.4 1-205 AIRPORT EXIT SITE, WIM CALIBRATION

Speed - Speed readings using a radar gun was attempted but it proved to difficult to
isolate and focus on the test vehicle because of the multiple lanes and the traffic.

Axle Spacings - Tables B1 and B2, Appendix B, show the axle spacings data from all
the lanes on I-205 northbound and southbound, respectively. In most cases, the error
was less than six inches.

Weight - The weight calibration results for I-205 northbound and southbound are
shown in Tables B3 and B4, respectively. The average error and standard deviation
were better than expected for this type of sensor.

Comparison of two piezo configurations tested, Loop Piezo Piezo Loop versus Loop
Piezo Loop, show that the former configuration is more consistent in weight
measurements. The indication is that multiple piezo sensors give more consistent
results than a single piezo sensor system.

3.2.5 1-205 ASHLAND POE SITE, WIM CALIBRATION
Speed - Table BS, Appendix B, shows the results from the speed calibration using a

radar gun. The results demonstrate that the calibration is good considering the fact
that the accuracy of the radar gun is + 1 mph (1.6 Kmph).
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Axle Spacings - Table B5 also shows the results from the axle spacing calibration. The
axle spacing measurements are acceptable. Some adjustment could be made to
eliminate the consistently high average error. The possibility of tape droop affecting
the tape measurements may account for some of the error, particularly, on the longer
distance.

Weight - Table B6 shows the weight calibration results. Note that lane 1 has a high
standard deviation, while lane 2 has a high average error and a lower standard
deviation.

The higher standard deviation in lane 1 is probably caused by a pothole in the wheel
path located approximately 120 yards prior to reaching the sensor. This pothole occurs
at a joint between the concreted slabs, where it is obvious that there have been prior
problems as evidenced by an asphalt on either side of the hole.

This hole was approximately 6 inches deep, 18 inches long, and about 12 inches wide
and could induced large dynamic impacts which would cause the high standard
deviation. The pothole was later repaired.

The high average error in lane 2 is probably the result of the auto-calibration function.
Since the number of trucks travelling in this lane is low, more time is needed for the
system to auto-calibrate.

3.2.6 1I-5 JEFFERSON RAMP SITE, WIM CALIBRATION

Table B7, Appendix B, presents the performance of single piezo sensors in the driving
lane. Note that the sensors were reading low and the standard deviation was much
higher in the asphalt concrete pavement than in the portland cement concrete
pavements.

Both Tables B7 and B8 show that the sensors are consistently reading low on the gross
vehicle weight. This is a function of the auto-calibration targeting front axle weights.
Therefore, the mean error associated with the front axle weight is lower.
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3.2.7 FINDINGS
Piezo sensor repeatability of weighings was poor.

Findings by several authors (7,8,9) show that multiple sensors will improve the
accuracy. The findings from this report show:

1. Some sensors contribute more errors than others, thus affecting system
performance.
2, System performance is enhanced by averaging the results of two or

morc Sensors.

3. The overall system accuracy of a four sensor installation was not
significantly better than a two sensor installation

4, The calibration procedure is more difficult with multiple sensors.
5. The piezo sensor data has been a relatively high variability.
6. Multiple sensors do improve weighing accuracy, but should be limited

to two sensors. Additional sensors do not improve the weight accuracy
that significantly.

7. Piezo sensors in portland cement concrete pavement tend to give more
consistent and accurate results than those in asphalt concrete.

8. A piezo sensor will last at least 24 months.

Portland cement concrete pavements have better system performance.

Although the piezoelectric sensors utilized were not supposed to vary with temperature
change, the systems did vary with changes in pavement temperature. It was necessary
to provide temperature compensation.

The auto-calibration system automatically reduces the overall mean system error.

The piezo sensor system accurately measured axle spacing and speed.

At least a twenty-four month life from piezo sensors can be expected.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The lack of consistent accuracy makes these sensors adequate for data collection
purposes, but should not be used for sorting or enforcement purposes at highway
speeds.

These systems can be used in less travelled roads for traffic data, vehicle
classification and approximate weight measurements.

These sensors should not be used in high volume roads since they may need early
replacing, which is expensive, due to traffic control.

Pavement temperature effects the accuracy of the piezo systems. Temperature
compensation and auto-calibration is needed.

Installation techniques and pavement condition is very important to ensure that the
piezo sensors last and work properly.
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Table BS

I-5 Southbound Ashland

Speed and Axle Spacings Calibration Results'

Speed

Lane 1 2

Average? 0.57 0.54 mph
Standard Deviation 1.20 1.5 mph
# of Vehicles 14 11

Axle Spacings

Lane 1 (28 vehicles)

Axle 1-2 2-3 34 4-5

Average® 5.3 2.60 8.6 3.20 4.9 inches

Standard Deviation 1 2.50 2.3 1.60 3.2 inches
Lane 2 (21 vehicles)

Axle 1-2 2-3 34 4-5

Average 6.2 3.10 12 3.50 6.2 inches

Standard Deviation 2.7 0.70 1.6 1.00 3.9 inches

I Calibration Performed on December 14-15, 1989.

2 Avg=Average Error=Radar-WIM.
3 Avg=Average Error=Tape-WIM.
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Table B6

I-5 Southbound Ashland
Weight Calibration Results'

Lane 1 (52 vehicles)?

Axle Steering Drives Trailer GVW
Average Error’ 9.7 2.9 3.9 0.7%
Standard Deviation 9.9 10.0 12.7 10.7%
Axle Singles Tandems* GVW
Average Error? 9.7 3.4 0.7%
Standard Deviation 9.9 11.4 10.7%

_—a———

Lane 2 (26 vehicles)®

Axle Steering Drives Trailer GVW
Average Error® -5.9 11.4 6.3 6.4%
Standard Deviation 1.0 2.5 2.3 5.8%
Axle Singles Tandems® GVW
Average Error? -5.9 8.9 6.4%
Standard Deviation 7.7 8.4 5.8%

1 Calibration Performed on December 14-15, 1989.
2 5-Axle Semi-Trailer Vehicles.

3 Average Error= (Static-WIM)*100%
Static

4 The Average of Driver and Trailer Tandem Axle Sensors.
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Table B7

Errors of Individual Piezoelectric Sensors
at Jefferson Multi-Cable Lane

Testing May, June, 1990

Error (%) for Cable

Cable # 1 2 3 4
Steering Average Error’ 1 2 1 6
Axle Standard Deviation 12 13 17 15
Drive Average Error' -8 -13 0 -7
Tandem Axle Standard Deviation 11 15 17 24
Trailing Average Error -8 -15 -32 -8
Tandem Axle Standard Deviation 13 18 21 20
Gross Average Error -7 -12 -2 -5
Vehicle Standard Deviation 11 14 14 17
Weight

Sample Size=60 Trucks

! Average Error = (Static-WIM)*100%
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Errors of Piezoelectric Sensor Groups
at Jefferson Multi-Cable Lane
Testing May, June, 1990

Table BS

Error (%) for Cable

Cable # 1,2,3,4 1,2 1,3 1,4
Steering Average Error! 2 0 1 3
Axle Standard Deviation 10 10 12 12
Drive Average Error' -7 -11 -4 -7
Tandem Axle Standard Deviation 11 11 12 14
Trailing Average Error’ -17 -12 -23 -8
Tandem Axle Standard Deviation 13 13 19 14
Gross Average Error! -6 9 -4 -6
Vehicle Standard Deviation -9 10 11 12
Weight

Sample Size=60 Trucks

! Average Error = (Static-WIM)*100%

Static
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